Two-dimensional materials, such as layered compounds and nanosheets, have attracted interest for their characteristic structures and properties. If layered materials containing functional organic molecules are synthesized, designed nanosheets can be obtained by exfoliation. Here we show the design and synthesis of an amorphous organic layered material containing a conjugated-polymer network, its exfoliation into nanosheets, and their applications. Copolymerization of benzoquinone and pyrrole generates random stacks of the conjugated polymer layers through successive C-C bond formation and pericyclic reaction under mild conditions at 60°C. The amorphous organic layered materials are efficiently exfoliated into nanosheets in 44.6% after 1 h. The nanosheets are used as a metal-free electrocatalyst for hydrogen evolution reaction with the overpotential 0.28 V (vs. RHE). The present approach may be applied to the design of functional nanosheets with graphenelike structures under mild conditions.
T wo-dimensional (2D) materials are found in a variety of inorganic and organic compounds [1] [2] [3] [4] [5] [6] . Nanosheets are obtained by exfoliation of layered structures in the liquid phase. The enhanced properties and emergent functions of such materials are derived from their characteristic nanostructures, such as large specific surface area, flexibility, and anisotropic shape [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . If desired functional molecules are polymerized and embedded in nanosheets, the functional units can be effectively used without aggregation and dissolution. In this work, we synthesize organic nanosheets containing benzoquinone (BQ) and pyrrole (Py) moieties (BQ-Py nanosheet) through exfoliation of the precursor amorphous layered materials (Fig. 1) . The BQ-Py nanosheets show enhanced electrocatalytic performance for hydrogen evolution reaction (HER).
A variety of exfoliation methods and processes have been studied for layered materials 1, [12] [13] [14] [15] [16] . Layered compounds consisting of the layers stacked via van der Waals interaction, such as graphite, boron nitride, and metal dichalcogenides, are exfoliated into nanosheets in liquid phase with application of certain stimuli 12 . Layered structures consisting of the charged layers and interlayer ions are found in clays and transition-metal oxides. These layered compounds are delaminated by intercalation of bulky ion and subsequent osmotic swelling with dispersion medium 13 . Layered composites of inorganic layers and interlayer organic guests are exfoliated into nanosheets on the basis of the affinity between the guest and dispersion medium [14] [15] [16] . In recent years, a new family of 2D materials have been synthesized, such as metal-organic and covalent-organic frameworks (MOFs and COFs) and carbon nitrides [17] [18] [19] [20] [21] . These 2D materials contain the desired functional units in the layers. MOFs and COFs with layered structures have been exfoliated into nanosheets [22] [23] [24] [25] . However, it is not easy to exfoliate these frameworks in high yield and efficiency 22 . Recently several methods, such as liquid phase, mechanical, and charged exfoliation, were applied to COFs [23] [24] [25] . In our recent paper, exfoliation efficiency, such as the time and yield, in previous papers were summarized in a figure 16 . Although high-yield exfoliation of graphitic carbon nitride, graphite, and transition-metal dichalcogenides was reported with the specific time and yield, such as 70% for 0.5 h, the specific values were not found for the recent framework materials. Our intention here is to prepare the low-crystalline 2D structures in both lateral and vertical directions to study the exfoliation behavior. Although amorphous states were observed in frameworks and layered materials [26] [27] [28] [29] [30] [31] [32] [33] , the amorphous nature was not applied to the exfoliation. A recent report shows that grafting of bulky alkyl chains on the layer of a COF induced smooth exfoliation into the nanosheets 34 . If amorphous organic layered materials consisting of noncrystalline layers and their random stacks are synthesized, the nanosheets can be obtained by efficient exfoliation.
Quinone derivatives are used as an organic oxidant for synthesis and active material for energy storage 35, 36 . In our previous works, high-yield synthesis of polypyrrole (PPy) was achieved on the crystal surface of quinone derivatives through oxidative polymerization with diffusion of the monomer vapor 37, 38 . The substituents on the α position of quinone derivatives were required for synthesis of PPy because the lack of the substituents caused side reactions other than oxidative polymerization. In this study, we found that BQ without substituents induces the simultaneous reactions with Py in two different schemes, such as the C-C bond formation and pericyclic reaction (Fig. 1a, b) , forming the amorphous 2D polymer layers and their random stacks at 60°C under ambient pressure (Fig. 1c, d ). Although the individual reaction scheme was reported for synthesis of dye molecules from naphthoquinone (NQ) and Py derivatives 39, 40 , the successive reactions were inhibited by protecting groups on the quinone and Py rings.
In recent years, a variety of HER catalysts have been studied to alternate platinum . Heteroatom-doped graphene and graphitic carbon nitride showed high electrocatalytic activity as metal-free HER catalyst [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] . Previous works indicate that Py and pyridine moieties in 2D graphitic layers serve as the active sites for HER [41] [42] [43] [44] . Since large amount of Py rings are contained in the BQ-Py polymer layers, the enhanced catalytic properties are expected for the nanosheets exhibiting the active site. These results imply that a variety of functional nanosheets can be obtained by synthesis and exfoliation of amorphous layered materials.
Here we report the synthesis of amorphous polymer layers containing a conjugated network and their random stacks containing BQ and Py moieties through successive reactions at 60°C (Fig. 1) . Spontaneous reactions with different schemes and rates in 2D direction play important roles for formation of the amorphous layered materials. The resultant amorphous layered materials are efficiently exfoliated into nanosheets in liquid phase. Moreover, the resultant BQ-Py polymer nanosheets are applied to a metal-free electrocatalyst for HER.
Results

2D
Conjugated-polymer network through consecutive reactions. Powder of BQ (30 mmol) and liquid of Py (30 mmol) were separately set in a closed vessel at 60°C for 48 h under ambient pressure (Fig. 2a) . Vapor of Py monomer was supplied to solidstate BQ powder. The detailed procedure was described in the Method. The color of BQ powder was changed from yellow to black (Fig. 2a, b) . The resultant powder was purified by washing with acetone and then vacuum-dried to remove the remaining monomers and oligomers. The bulky particles around severaltens micrometer in size were observed on the images of scanning electron microscopy (SEM) (Fig. 2b) . The resultant material had the different structure from the reference compounds, such as commercial BQ, hydroquinone (HQ), their charge-transfer complex (BQ-HQ), and PPy, on Fourier-transform infrared (FT-IR) absorption spectra, thermogravimetric (TG) curve, and X-ray diffraction (XRD) pattern (Figs. 2c-e and 3a). FT-IR spectra support formation of the BQ-Py network as shown in Fig. 2c, d . The resultant BQ-Py polymer shows the absorption bands of N-H stretching, C = O stretching, and C = C stretching vibrations corresponding to BQ and Py rings (the bands B (green), E (yellow), and F (gray), respectively, for the spectrum (i) in Fig. 2c, d ). In contrast, not all these three absorptions were detected on the reference compounds (the spectra (ii-iv) in Fig. 2d) ). The absorption corresponding to C-H stretching vibration on aromatic ring was weakened for the BQ-Py polymer compared with BQ and HQ monomers because of the condensation of BQ and Py rings (the band D (red) for the spectrum (i) in Fig. 2c, d ). The appearance of O-H stretching vibration is ascribed to the presence of HQ moiety and hydrated water in the BQ-Py polymer (the bands A and C (blue) in Fig. 2d) . Formation of the BQ-Py polymer with the estimated structure was also supported by X-ray photoelectron spectroscopy (XPS) and 13 C nuclear magnetic resonance (NMR) spectroscopy ( Supplementary  Figs 1 and 2 ). The Raman spectroscopy showed the broadened peak around 1350 and 1590 cm −1 corresponding to D and G bands, respectively (Supplementary Fig. 1 ). The BQ-Py polymer showed the higher peak intensity ratio of the D to G bands than a commercial stacked graphene and graphene oxide. The Raman spectra imply formation of the graphitic amorphous BQ-Py layers with sp3 carbon via C-C bond formation. The layered BQ-Py showed the absorption over the UV-Vis-NIR region (Supplementary Fig. 1 ), whereas the BQ-HQ charge-transfer complex has no absorption in the NIR region longer than 850 nm. The spectroscopy suggests that the BQ-Py polymer has not only the complex between the BQ and HQ moieties but also the conjugated framework. The same BQ-Py polymer was synthesized by changes in the molar ratio of BQ and Py. In the present solid-vapor reaction system, the reaction proceeds on the surface of solid BQ crystals upon diffusion of Py vapor. The rates of the two key reactions mainly depend on temperature in this experimental method. In addition, the direct mixing of BQ powder in Py liquid also formed the same products ( Supplementary Fig. 3 ). The BQ-Py polymer showed the weight loss in the range 500-620°C on the TG curve because of combustion in air atmosphere (the curve (i) in Fig. 2e ). The TG curve was similar to that of a commercial graphene oxide (GO) (the curve (ii) in Fig. 2e ). In contrast, the weight loss of a commercial PPy was observed in the range 250-600°C (the curve (iii) in Fig. 2e ). The reference compounds showed the weight loss at the lower temperature, such as 160°C for BQ monomer and 200°C for the BQ-HQ complex (the curves (iv) and (v) in Fig. 2e ). These results indicate that the successive reactions between BQ and Py generate the polymer network structure. In addition, the remaining monomers and oligomers with low molecular weight are removed by the purification processes. The weight ratio of C, H, N, and O was estimated to be C: H: N: O = 67.47: 2.98: 6.11: 23.44 by elemental analysis (Supplementary Table 1 , Supplementary Note 1 and Supplementary Fig. 4 ). The BQ-Py polymer contained BQ and Py moieties 1.00: 0.675 in molar ratio and 37.5 % of the BQ moiety was in the hydroquinone state ( Supplementary Fig. 4 and Supplementary Note 1).
Amorphous layered structure. XRD analysis indicates that the BQ-Py polymer formed the turbostratic layered structure (Fig. 3) . Fig. 3a) . The d 0 is assigned to the interlayer distance of the layered structure. The d 1 is ascribed to the weak periodicity in the planar network consisting of the fused rings. These results suggest that amorphous 2D network forms the turbostratic layered structure (Fig. 3b, c) . If the polymerization of BQ and Py proceeds with successive C-C bond formation and pericyclic reaction (Fig. 1a, b) , the four types of the structure units, namely the units A-D, can be contained in the network (Fig. 1c) . According to the results of elemental analysis (C: H: N: O = 67.47: 2.98: 6.11: 23.44), the units A-D are assumed to be contained in the 2D polymer network with 50: 47: 37: 12 in molar ratio, respectively ( Supplementary Fig. 4 ). On the basis of this structure model, the calculational weight ratio of C, H, N, and O is estimated to be C: H: N: O = 66.98: 2.49: 6.58: 23.95. The calculational composition is consistent with the experimental one. Figure 3b , c shows the schematic model of the amorphous layered structure synthesized through the consecutive reactions. The electrophilic substitution reaction of BQ on the α position forms a C-C bond with the 2 position of Py (Fig. 1a) . The resultant BQ-Py unit has 4π for pericyclic reaction with another BQ as 2π (Fig. 1b) . The prior C-C bond formation induces the subsequent pericyclic reaction. The consecutive reactions continued with formation of sp2 carbon (Fig. 1c) . Therefore, the 2D planar layers are obtained by these reaction scheme. If the BQ-Py polymer is comprised of only sp2 carbons, the layer can possess real 2D structure. However, the BQ moiety induces distortion of the planarity. The plane has slight curvature originating from the BQ moiety ( Supplementary  Fig. 4 ). In addition, the interior space is gradually filled with the extended polymer network. The further growth is continued with formation of the upper and lower layers because of the steric repulsion (the red and blue units in Fig. 3b ). In this manner, the few-layered structures are spontaneously formed during the synthesis. The growth of the layers and their random stacking induce formation of the amorphous layered material (Fig. 3b, c) . This synthetic strategy can be applied to other combinations of the monomers.
Efficient exfoliation of the amorphous layered BQ-Py polymer. The amorphous layered structure of the BQ-Py polymer was exfoliated into the nanosheets in liquid phase (Fig. 4) . The layered BQ-Py polymer was dispersed in water and benzylalcohol under ultrasonic irradiation for 1 h. Then, the dispersion liquid was maintained under stirring at 60°C for 2 days. The BQ-Py nanosheets were observed on the images of transmission electron microscopy (TEM) (Fig. 4a, c) . The average lateral size was 751 ± 379 nm and 265 ± 136 nm for the aqueous and benzylalcohol dispersion liquids, respectively (Fig. 4c, g ). The layered BQ-Py polymer showed the granular objects 50-200 nm in size in the bulky aggregate on the magnified SEM image before the exfoliation ( Supplementary Fig. 5 ). The SEM images implied that the exfoliated objects are obtained in dispersion media under the appropriate conditions. After the exfoliation, the BQ-Py nanosheets containing the layers were observed on the SEM images ( Supplementary Fig. 5 ). The lateral size of the nanosheets is consistent with that estimated from the TEM images. The FT-IR and Raman spectra were not remarkably changed after the exfoliation into the nanosheets (Supplementary Fig. 5 ).
The lattice fringes were not clearly observed on the magnified TEM image (Supplementary Fig. 6 ). Selected-area electron diffraction pattern suggested the presence of the weak periodicity around d 1 = 0.218 nm consistent with the XRD analysis (Supplementary Fig. 6 ). The average thickness was estimated to be 1.62 ± 0.38 nm and 12.26 ± 12.20 nm from the atomic force microscopy (AFM) images of the nanosheets dispersed in aqueous and benzylalcohol media, respectively (Fig. 4b, f and Supplementary  Fig. 7 ). According to the average thickness, the nanosheets contain around 5 and 30 layers for the nanosheets obtained from the aqueous and benzylalcohol dispersions, respectively. The stacked layers were observed on the magnified SEM images of the interior (Supplementary Fig. 5 ). These observations suggest that the layered BQ-Py polymer is exfoliated into not the monolayered structures but the few-layered structures. The lateral size and thickness were summarized in the histograms (Fig. 4c, g ). The difference in the aspect ratio of the nanosheets is ascribed to differences in the affinity between the BQ-Py polymer layers and dispersion media. The results imply that further structure control is achieved by the exfoliation processes, such as types of the dispersion medium. In our recent work, the lateral size and yield of the exfoliated nanosheets were actually different in the types of the dispersion media 16 . This study implied the correlation of the affinity between the interlayer space and dispersion medium with the lateral size. The mechanical stress to the layers is related to the size of the exfoliated nanosheets. Since the higher affinity induces lower stress for exfoliation processes of the layers, the larger lateral size and thinner thickness can be achieved. However, further study is required for understanding the detailed mechanisms and key factors. The yield of the exfoliation is 43.7% for water and 47.8% for benzylalcohol at 60°C for 2 days. The calculation method was described in the Methods. The dispersion liquids showed the average particle size 627 nm for water and 231 nm for benzylalcohol on the particle-size distribution measured by dynamic light scattering (DLS) (Fig. 4d, h ). Although these average sizes showed the smaller values than those estimated from the TEM images (Fig. 4a, c, e, g ), the distribution suggests the presence of not the aggregated sheets but the dispersed ones in the dispersion liquid. A previous report suggested that size of nanosheets has correlation with the particle size analyzed by DLS 65 . If the unexfoliated powders and/or aggregated nanosheets are dispersed, the peaks is observed in the range larger than 1 μm on the particle-size distribution. These results imply that the particle-size distribution can be used for the screening the exfoliation and dispersion states for the nanosheets. The same particle-size distribution was achieved only after ultrasonic radiation for 1 h without stirring at 60°C for 2 days Fig. 8) . Moreover, the yield was 24.1% and 44.6% in water and benzylalcohol after the exfoliation for 1 h. This exfoliation efficiency is comparable to other high-efficient exfoliation systems within 1 h in previous works (Supplementary  Table 2 ) [66] [67] [68] [69] [70] . In previous works, the higher exfoliation efficiency is achieved by the specific method and equipment, such as microwave heating in ionic liquid. In contrast, our layered BQ-Py was exfoliated into the nanostructures by just sonication in dispersion medium. Nevertheless, the efficiency of this work is one of the best performances compared with previous works. These results imply that the amorphous nature contributes to efficient exfoliation into the nanosheets.
According to the structure model, the BQ-Py layers have the pore, as shown in Fig. 3b . The interior pore remains as the closed pore in the random stacks of the layers. In fact, gas adsorption-desorption behavior was not observed on the adsorption isotherm ( Supplementary Fig. 9 and Supplementary Note 2). Since exfoliation of the layered BQ-Py forms the nanosheets in the dispersion media, the specific surface area for electrochemical reactions is increased after the exfoliation. The surface of the nanosheets was effectively used for reactions, such as sensing, catalytic, and electrochemical applications, in our previous works 14, 38 . The specific surface area is calculated to be 55.1 m 2 g −1 and 79.2 m 2 g −1 , respectively, for the BQ-Py nanosheets dispersed in water and benzylalcohol on the assumption of the average thickness, lateral size, and density same as that of graphite ( Supplementary Fig. 9 and Supplementary Note 2).
The BQ-Py polymer showed the redox reactions originating from the quinone moieties on cyclicvoltammogram (CV) (Fig. 5) . The two redox peaks around 0 V and 0.5 V (vs. Ag/AgCl) are attributed to the anthraquinone (AQ) and BQ moieties, respectively. The presence of these two redox peaks is consistent with the structure model in Fig. 3b . The specific capacity of the layered BQ-Py was 49.7 mA h g −1 at 1 mV s −1 . The BQ-Py nanosheets showed the improved specific capacity, such as 72.7 mA h g −1 and 100.8 mA h g −1 after exfoliation in water and benzylalcohol, respectively (Fig. 5) . These facts suggest that the electrochemical surface area mainly originates from not the pores but the nanosheet morphologies. On the other hand, the specific capacitance originating from electric-double-layer capacitance (EDLC) of the BQ-Py nanosheets is estimated to be <7.19 mA h g −1 from the CV curves of the reduction in the range 0.1-0.2 V without overlapping of the remarkable redox peaks originating from the quinone moieties.
Catalytic performance for HER. The resultant BQ-Py nanosheets showed the enhanced performance as an electrocatalyst for HER (Fig. 6) . The BQ-Py nanosheets exhibit Py moiety as the active site on the surface. The catalytic properties of the BQ-Py nanosheets were measured by liner sweep voltammetry (LSV) on glassy carbon (GC) electrode in 0.5 mol dm −3 sulfuric acid (H 2 SO 4 ). The BQ-Py nanosheets dispersed in benzylalcohol was coated on GC electrode. Since the BQ-Py polymer contained BQ moieties, the electrochemical reduction from BQ to hydroquinone states was performed to recover the conjugation and ensure the hydrophilicity by chronoamperometry at -0.30 V vs. RHE for 5 h ( Supplementary Fig. 10 and Supplementary Note 3) . The BQ-Py nanosheets showed current corresponding to HER on the LSV curve in the range 0 to -0.61 V vs. RHE (Fig. 6a) . Overpotential for HER (ΔE) was estimated from the LSV curve at the current density -10 mA cm −2 . The ΔE was measured to be 0.421 V for the layered BQ-Py polymer before exfoliation and 0.058 V for platinum as a reference (the blue and green solid lines in Fig. 6a) . The current density was not achieved to -20 mA cm −2 for bare GC electrode and commercial graphene in this potential range (the black and yellow solid lines in Fig. 6a) . The ΔE was decreased to 0.277 V for the BQ-Py nanosheets after the exfoliation (the red solid line in Fig. 6a ). The ΔE was reproducible for the different samples, namely average 0.309 ± 0.027 V (number of the samples, n = 5) ( Supplementary Fig. 10 and Supplementary Note 3). The contamination of the dissolved platinum had no influence on the properties because the similar decrease in the ΔE was observed for the same measurement using graphite counter electrode instead of platinum (Supplementary Fig. 10) . Moreover, the ΔE was not changed after the cyclic voltammetry in the range 0 to -0.3 V (vs. RHE) for 500 cycles (the red dashed lines in Fig. 6a and Supplementary Fig. 10 ). These results indicate that the BQ-Py nanosheets can be used as a superior electrocatalyst for HER with low ΔE and stability. The Tafel slope showed the slope value 98.9 mV dec −1 for the BQ-Py nanosheets, 102.5 mV dec −1 for the layered BQ-Py, 219.0 mV dec −1 for bare GC electrode, and 36.3 mV dec −1 for Pt electrode (Fig. 6b) . The smaller slope value implies the faster electrode kinetics. The decrease in ΔE after the exfoliation is ascribed to an increase in the active site on the nanosheet surface. On the other hand, the Tafel slope was not changed before and after the exfoliation. This result means that the BQ-Py polymer has sufficient hydrophilicity and conductivity for electrochemical HER.
The layered BQ-Py polymer was immersed in 0.5 mol dm −3 H 2 SO 4 and 0.5 mol dm −3 sodium hydroxide (NaOH) aqueous solutions for 5 h to study the stability. The XRD pattern and FT-IR spectrum have no remarkable changes after the acid and base treatments ( Supplementary Fig. 11 and Supplementary Note 4). In addition, the morphologies and size of the exfoliated BQ-Py nanosheets were not remarkably changed after the acid and base treatments ( Supplementary Fig. 11 ). The exchange current density and turn-over frequency were comparable to those of heteroatom-doped nanocarbons ( Supplementary Fig. 10 and Supplementary Note 3). The present synthetic strategy can be applied to develop a variety of nanocarbons analogs.
The BQ-Py nanosheets showed one of the smallest ΔE and Tafel slope compared with metal-free nanocarbons to the best of our knowledge (Supplementary Table 3 , Supplementary  Fig. 12 and Supplementary Note 5) [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] . A couple of previous works showed the superior performances, such as graphene with doping of multiple heteroatoms 48 , carbon nitride assembled with graphene 51, 52 , graphene with threedimensional nanostructures 53 . However, syntheses of these nanocarbons were performed in the range 400-1130°C (Supplementary Table 3 ). In contrast, our BQ-Py polymer is synthesized at quite low temperature, namely 60°C, under ambient pressure. Preparation of the electrocatalyst can be achieved in low energy consumption. Therefore, the BQ-Py nanosheets have the enhanced properties and stability as a metal-free HER electrocatalyst. Further enhancement of the catalytic performance can be achieved by further structure design from molecular to nanometer scales.
Discussion
The spontaneous reactions of BQ and Py in 2D direction induced the formation of the noncrystalline conjugated-polymer layers and their turbostratic stacks at low temperature under ambient pressure. The amorphous layered BQ-Py was efficiently exfoliated into the nanosheets. The resultant BQ-Py nanosheets showed the enhanced performance as a metal-free electrocatalyst for HER. Although previous metal-free HER electrocatalysts are prepared in high temperature processes, the BQ-Py nanoflakes can be prepared at 60°C under ambient pressure. Our BQ-Py nanosheet may be regarded as a new family of 2D nanocarbons.
Moreover, this work suggests a new strategy to obtain functional organic 2D nanomaterials. Amorphous organic layered materials are synthesized by successive and multiple reactions of target molecules extended into the lateral direction. Their efficient exfoliation provides nanosheets exhibiting the functional units on the surface. The designed organic functional nanosheets realize the enhanced performances and emergent properties.
Methods
Synthesis of BQ-Py polymer. All the reagents were used without purification. Typically, 3.24 g (30 mmol) of BQ powder (1,4-benzoquionone, TCI, 98.0 %) and 2.07 cm 3 (30 mmol) of Py (pyrrole, TCI, 98.0 %) filled in the different glass bottles were set in a closed chamber 250 cm 3 , as shown in Fig. 2a . The reaction was performed in an oven at 60°C for 48 h under ambient pressure. The resultant black powder in the glass bottle containing BQ was washed with acetone for purification. Then, the powder was dried at 190°C for 16 h under vacuum condition.
Exfoliation of the layered BQ-Py polymer. The layered BQ-Py polymer, typically 30 mg, was dispersed in 20 cm 3 of purified water and benzylalcohol. The dispersion liquid was set in an ultrasonic bath for 1.5 h and then maintained at 60°C for 48 h under stirring. The supernatant liquid was collected as the homogeneous dispersion liquid of the BQ-Py nanosheets by decantation. The precipitate was collected as the unexfoliated material by filtration. The weight of the BQ-Py nanosheets (W ns ) was measured after drying of the supernatant liquid. The weight of the unexfoliated objects (W p ) was also measured after the filtration and drying. The yield (y) was calculated by the following equation (Eq. 1). DLS analysis suggests that the unexfoliated objects and aggregated nanosheets were not included in the supernatant liquid (Fig. 3d, h and Supplementary Fig. 8 ).
Structure characterization. Crystal structure was analyzed by XRD with Cu-Kα radiation (XRD, Bruker, D8 Advance). The powdered sample was set on a silicon sample holder without diffraction peaks in the measured range (2θ = 10-60°) to lower the background. The molecular structure was analyzed by FT-IR spectroscopy using KBr method (FT-IR, Jasco, FT-IR 4200). TG analysis was performed under air atmosphere (TG, SII TG-DTA 7200). The composition was analyzed by CHN elemental analysis. The bonding states were estimated by XPS (JEOL, JPS-9010TR). 13 C NMR spectra of BQ, Py, and layered BQ-Py were measured. The solid-state sample was measured by magic angle spinning method. The morphologies of the layered BQ-Py were observed using a field-emission scanning electron microscopy (FESEM, JEOL, JSM 7600 F). The morphologies of the BQ-Py nanosheets were observed using transmission electron microscopy (TEM, FEI Tecnai G2 Spirit and F20) and atomic force microscopy (AFM, Shimadzu, SPM-9700HT). The dispersion liquid was dropped on a collodion membrane and cleaned silicon substrate for TEM and AFM observations, respectively. The particle-size distribution was measured using DLS (Otsuka electronics, ELSZ-2000ZS). Cyclic voltammetry (Princeton Applied Rearch, VersaSTAT 3) was measured at a scan rate of 1 mV s −1 to determine the structure of the AQ and BQ moieties.
Catalytic activity for HER. The BQ-Py nanosheet dispersed in benzylalcohol was collected after drying. The powder was dispersed in 2-propanol (5 mg cm −3 ) and the dispersion liquid was put in an ultrasonic bath for 10 min. Then, 0.015 cm 3 of the propanol dispersion liquid was dropped on a glassy carbon electrode (BAS, GCE 002012). The glassy carbon electrode coated with BQ-Py polymer was used as a working electrode. A commercial graphene powder (Fujifilm-Wako, Graphene nanoplatelets aggregates) was also coated on a glassy carbon electrode in the same procedure. Counter and reference electrode were platinum wire (Nilaco, 99.98 %) and Ag/AgCl, respectively. As a reference, the pelletized graphite powder was used instead of platinum counter electrode to confirm no contamination originating from a trace amount of dissolved platinum species. The electrolyte solution was 0.5 mol dm −3 sulfuric acid (H 2 SO 4 , Kanto, 96.0%). Linier-sweep voltammetry (LSV) was performed in a twin beaker cell in the potential range (E Ag/AgCl ) from -0.19 to -0.80 V vs. Ag/AgCl at the scan rate 5 mV s −1 (Princeton Applied Research, VersaSTAT 3). The potential was calibrated to that of RHE (E RHE ) according to the following equation (Eq. 2):
